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We point out that extensions of the Standard Model with low scale (∼ TeV) lepton number
violation (LNV) generally lead to a pattern of lepton flavor violation (LFV) experimentally dis-
tinguishable from the one implied by models with GUT scale LNV. As a consequence, muon LFV
processes provide a powerful diagnostic tool to determine whether or not the effective neutrino mass
can be deduced from the rate of neutrinoless double beta decay. We discuss the role of µ→ eγ and
µ→ e conversion in nuclei, which will be studied with high sensitivity in forthcoming experiments.
In the past few years convincing experimental evidence
for neutrino oscillations has been collected [1], implying
that neutrinos are massive particles, with masses much
smaller than those of other known fermions. Since the
Standard Model of particle physics assumes that neu-
trinos are massless, the study of neutrino mass and the
properties of massive neutrinos provides important clues
about a more fundamental theory that goes beyond the
Standard Model. Among the most urgent open questions
in neutrino physics are the determination of (i) neutrino
charge conjugation properties (Dirac or Majorana) and
(ii) the absolute mass scale in the spectrum.
The study of neutrinoless double beta decay (0νββ)
can help addressing these issues. For one, observation
of this ∆L = 2 process would establish the existence of
total lepton number violation (LNV), thereby implying
that neutrinos are massive Majorana particles [2]. Ide-
ally, the observation of 0νββ would also help determine
the absolute scale of neutrino mass, since the total de-
cay rate (Γ0νββ) arising from light Majorana neutrinos
is proportional to the square of the effective mass, mββ
(defined precisely below). It has long been recognized,
however, that the extraction of mββ from Γ0νββ is prob-
lematic, since LNV interactions involving heavy (∼ TeV)
particles can make comparably important contributions
to the rate. Thus, in the absence of additional infor-
mation about the mechanism responsible for 0νββ, one
could not unambiguously infer mββ from Γ0νββ .
In this Letter, we show that experimental searches
for lepton flavor violation (LFV) involving charged lep-
tons can help to address this problem by providing
a powerful “diagnostic tool” for establishing the 0νββ
mechanism. Here, we focus on the Standard Model-
forbidden processes µ → eγ and µ → e conversion in
nuclei that will be studied with unprecedented sensitiv-
ity in the forthcoming MEG [3] and MECO [4] exper-
iments, respectively. The relevant branching ratios are
Bµ→eγ = Γ(µ → eγ)/Γ
(0)
µ and Bµ→e = Γconv/Γcapt,
where µ→ eγ is normalized to the standard muon decay
rate Γ
(0)
µ = (G2Fm
5
µ)/(192π
3), while µ → e conversion is
normalized to the capture rate Γcapt. The new experi-
ments will probe Bµ→eγ and Bµ→e at levels that would
be sensitive to the effects of LFV induced by interactions
involving TeV scale particles. Since models for the gen-
eration of Majorana neutrino masses typically also imply
the existence of such interactions, studies of charged lep-
ton LFV can also provide insight into the mechanism of
0νββ.
The main discriminating quantity in our analysis is the
ratio R = Bµ→e/Bµ→eγ . We find that:
1. Observation of both the LFVmuon processes µ→ e
and µ → eγ with relative ratio R ∼ 10−2 implies,
under generic conditions, that Γ0νββ ∼ m
2
ββ.
2. On the other hand, observation of LFV muon pro-
cesses with relative ratio R ≫ 10−2 could signal
non-trivial LNV dynamics at the TeV scale, whose
effect on 0νββ has to be analyzed on a case by case
basis. Therefore, in this scenario no definite con-
clusion can be drawn based on LFV rates.
3. Non-observation of LFV in muon processes in forth-
coming experiments would imply either that the
scale of non-trivial LFV and LNV is above a few
TeV, and thus Γ0νββ ∼ m
2
ββ, or that any TeV-scale
LNV is approximately flavor diagonal.
(If only one process is observed, the deduced constraint
on R may still be of use for our analysis.) Below, we ex-
plain the basis for the above observations and discuss the
requirements on scenarios that might circumvent them.
In general, 0νββ can be generated by (i) light Majo-
rana ν exchange (helicity flip and non-flip) or (ii) heavy
particle exchange (see, e.g., [5, 6]), resulting from LNV
dynamics at some scale above the electroweak one. The
relative size of heavy (AH) versus light particle (AL)
exchange contributions to the decay amplitude can be
crudely estimated as follows [7]:
AL ∼ G
2
F
mββ
k¯2
, AH ∼ G
2
F
M4W
Λ5
,
AH
AL
∼
M4W k¯
2
Λ5mββ
, (1)
where mββ =
∑
i U
2
eimνi is the effective Majorana mass
(Uℓn being the light neutrino mixing matrix), k¯
2 ∼
(50 MeV)2 is the typical light neutrino virtuality, and Λ
2is the heavy scale relevant to the LNV dynamics. There-
fore, AH/AL ∼ O(1) for mββ ∼ 0.1 − 0.5 eV and Λ ∼ 1
TeV, and thus the LNV dynamics at the TeV scale leads
to similar 0νββ decay rate as the exchange of light Ma-
jorana neutrinos with effective mass mββ ∼ 0.1− 0.5 eV.
By itself, the 0νββ lifetime measurement does not pro-
vide the means for determining the underlying mecha-
nism. The spin-flip and non-flip exchange can be, in
principle, distinguished by the measurement of the single-
electron spectra or polarization (see e.g. [8]). In most
cases, however, the observation of the emitted electrons
does not distinguish between light Majorana or heavy
particle exchange. Thus, one must look for phenomeno-
logical consequences of the different mechanisms other
than observables directly associated with 0νββ. Here we
point out the link between 0νββ mechanisms and muon
LFV processes.
It is useful to formulate the problem in terms of ef-
fective low energy interactions obtained after integrating
out the heavy degrees of freedom that induce LNV and
LFV dynamics. Relevant quantities in this context are
the LNV and LFV scales, which in general may be dis-
tinct. As long as both scales are well above the weak
scale, then Γ0νββ ∼ m
2
ββ , and one does not expect to
observe LFV signals in forthcoming experiments (item
3 above). In scenarios with high scale LNV (but pos-
sibly low scale LFV), such as SUSY-GUT [9] or SUSY
see-saw [10], one expects again Γ0νββ ∼ m
2
ββ, as well as
R ∼ 10−2 (item 1). The case where the scales of LNV
and LFV are both relatively low ( <∼ TeV) is more subtle,
as this scenario might lead to observable LFV and at the
same time to ambiguities in interpreting a positive signal
in 0νββ. Here one needs to develop some discriminating
criteria, as we discuss in detail below.
Denoting the new physics scale by Λ, the effective la-
grangian for 0νββ has the form
L0νββ =
∑
i
c˜i
Λ5
O˜i O˜i = q¯Γ1q q¯Γ2q e¯Γ3e
c , (2)
where we have suppressed the flavor and Dirac structures
for simplicity (a complete list of the dimension nine op-
erators O˜i can be found in Ref. [6]). For the LFV inter-
actions, one has
LLFV =
∑
i
ci
Λ2
Oi , (3)
and a complete operator basis can be found in Refs. [11,
12]. The LFV operators relevant to our analysis are of
the following type
OσL =
e
(4π)2
ℓiL σµν i /D ℓjL F
µν + h.c. ,
OℓL = ℓiL ℓ
c
jL ℓ
c
kL ℓmL ,
Oℓq = ℓiΓℓℓj qΓqq , (4)
along with their corresponding chiral analogues (L ↔
R). Since operators of the type Oσ typically arise at
the one-loop level, we explicitly display the loop factor
1/(4π)2. On the other hand, in a large class of models,
operators of the type Oℓ or Oℓq may arise from both tree
level exchange of heavy particles as well as loop effects.
With the above choices, the leading contributions to the
various ci are nominally of the same size, typically the
product of two Yukawa-like couplings or gauge couplings
(times flavor mixing matrices).
In terms of these operator definitions, the ratio R can
be written schematically as follows (neglecting flavor in-
dices in the effective couplings and the term with L↔ R)
R =
Φ
48π2
∣∣∣η1 e2cσL + e2 (η2cℓL + η3cℓq) log Λ
2
m2µ
+ η4(4π)
2cℓq + . . .
∣∣∣
2
/
[
e2
(
|cσL|
2 + |cσR|
2
)]
. (5)
Here, η1,2,3,4 are numerical factors of O(1), while the
overall factor Φ/48π2 arises from phase space and over-
lap integrals involving electron and muon wave-functions
in the nuclear field. For light nuclei Φ = (ZF 2p )/(g
2
V +
3g2A) ∼ O(1), where gV,A are the vector and axial nucleon
form factors at zero momentum transfer, while Fp is the
nuclear form factor at q2 = −m2µ [12]. The dots indicate
sub-leading terms, not relevant for our discussion, such
as loop-induced contributions to cℓ and cℓq that are an-
alytic in external masses and momenta. In contrast the
logarithmically-enhanced loop contribution given by the
second term in the numerator ofR plays an essential role.
This term arises whenever the operators OℓL,R and Oℓq
appear at tree-level in the effective theory and generate
one-loop renormalization of Oℓq [11] (see Fig. 1).
q
f = ℓ, q
µ
γ
Oℓ, Oℓq
e
q
FIG. 1: Loop contributions to µ→ e conversion through in-
sertion of operators Oℓ or Oℓq, generating the large logarithm.
The ingredients in Eq. (5) lead to several observa-
tions: (i) In absence of tree-level cℓL and cℓq, one obtains
R ∼ (Φ η21 α)/(12π) ∼ 10
−3−10−2, due to gauge coupling
and phase space suppression. (ii) When present, the log-
arithmically enhanced contributions compensate for the
gauge coupling and phase space suppression, leading to
R ∼ O(1). (iii) If present, the tree-level coupling cℓq
dominates the µ→ e rate leading to R≫ 1.
In light of these observations, the logic underlying
items 1 and 2 can be phrased as follows. In models with
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FIG. 2: Gluino exchange contribution to 0νββ (a), and typ-
ical tree-level contribution to Oℓq (b) in RPV SUSY.
TeV scale |∆L| = 1, 2 interactions and generic flavor con-
tent of the couplings one finds c˜i/g
2 ∼ cℓL, cℓR, cℓq (g is
a generic gauge coupling), and thus a short-distance con-
tribution to 0νββ is accompanied by R ≫ 10−2. We
now illustrate this statement in two explicit cases: the
minimal supersymmetric standard model (MSSM) with
R-parity violation (RPV-SUSY) and the Left-Right Sym-
metric Model (LRSM).
RPV SUSY — If one does not impose R-parity conser-
vation [R = (−1)3(B−L)+2s], the MSSM superpotential
includes, in addition to the standard Yukawa terms, lep-
ton and baryon number violating interactions, compactly
written as (see e.g. [13])
WRPV = λijkLiLjE
c
k + λ
′
ijkLiQjD
c
k + λ
′′
ijkU
c
iD
c
jD
c
k
+µ′iLiHu , (6)
where L and Q represent lepton and quark doublet su-
perfields, while Ec, U c, Dc are lepton and quark singlet
superfields. The simultaneous presence of λ′ and λ′′ cou-
plings would lead to an unacceptably large proton decay
rate (for SUSY mass scale ΛSUSY ∼ TeV), so we focus
on the case of λ′′ = 0 and set µ′ = 0 without loss of
generality [13]. In this case, lepton number is violated
by the remaining terms in WRPV , leading to short dis-
tance contributions to 0νββ, with typical coefficients [cf.
Eq. (2)]
c˜i
Λ5
∼
παs
mg˜
λ′2111
m4
f˜
;
πα2
mχ
λ′2111
m4
f˜
, (7)
where αs, α2 represent the strong and weak gauge cou-
pling constants, repsectively. The RPV interactions also
lead to lepton number conserving but lepton flavor vi-
olating operators [e.g. Fig. 2(b)], with coefficients [cf.
Eq. (3)]
cℓ
Λ2
∼
λi11λ
∗
i21
m2ν˜i
,
λ∗i11λi12
m2ν˜i
,
cℓq
Λ2
∼
λ′∗11iλ
′
21i
m2
d˜i
,
λ′∗1i1λ
′
2i1
m2u˜i
,
cσ
Λ2
∼
λλ∗
m2
ℓ˜
,
λ′λ′∗
m2q˜
, (8)
where the flavor combinations contributing to cσ can be
found in Ref. [14]. Hence, for generic flavor structure
of the couplings λ and λ′ the underlying LNV dynamics
generate both short distance contributions to 0νββ and
LFV contributions that lead to R ≫ 10−2.
Existing limits on rare processes strongly constrain
combinations of RPV couplings, assuming ΛSUSY is be-
tween a few hundred GeV and ∼ 1 TeV. Non-observation
of LFV at future experiments MEG and MECO could be
attributed either to a larger ΛSUSY (> few TeV) or to
suppression of couplings that involve mixing among first
and second generations. In the former scenario, the short
distance contribution to 0νββ does not compete with the
long distance one [see Eq. (1)], so that Γ0νββ ∼ m
2
ββ . On
the other hand, if the λ and λ′ matrices are nearly flavor
diagonal, the exchange of superpartners may still make
non-negligible contributions to 0νββ.
LRSM — The LRSM provides a natural scenario for
introducing non-sterile, right-handed neutrinos and Ma-
jorana masses [15]. The corresponding electroweak gauge
group SU(2)L × SU(2)R × U(1)B−L, breaks down to
SU(2)L × U(1)Y at the scale Λ >∼ O(TeV). The symme-
try breaking is implemented through an extended Higgs
sector, containing a bi-doublet Φ and two triplets ∆L,R,
whose leptonic couplings generate both Majorana neu-
trino masses and LFV involving charged leptons:
LleptY = − LL
i
(
yijD Φ + y˜
ij
D Φ˜
)
LjR (9)
− (LL)c
i yijM ∆˜L L
j
L − (LR)
c i yijM ∆˜R L
j
R .
Here Φ˜ = σ2Φ
∗σ2, ∆˜L,R = iσ2∆L,R, and leptons be-
long to two isospin doublets LiL,R = (ν
i
L,R, ℓ
i
L,R). The
gauge symmetry is broken through the VEVs 〈∆0R〉 = vR,
〈∆0L〉 = 0, 〈Φ〉 = diag(κ1, κ2). After diagonalization of
the lepton mass matrices, LFV arises from both non-
diagonal gauge interactions and the Higgs Yukawa cou-
plings. In particular, the ∆L,R-lepton interactions are
not suppressed by lepton masses and have the structure
L ∼ ∆++L,R ℓ
c
i hij (1±γ5)ℓj+h.c.. The couplings hij are in
general non-diagonal and related to the heavy neutrino
mixing matrix [16].
Short distance contributions to 0νββ arise from the
exchange of both heavy νs and ∆L,R (Fig. 3), with
c˜i
Λ5
∼
g42
M4WR
1
MνR
;
g32
M3WR
hee
M2∆
, (10)
where g2 is the weak gauge coupling. LFV operators
are also generated through non-diagonal gauge and Higgs
4d u
d u
∆
e
e
hee
(a)
e
µ e
e
h∗µe
hee
∆
(b)
W
W
FIG. 3: Typical doubly charged Higgs contribution to 0νββ
(a) and to Oℓ (b) in the LRSM.
vertices, with [16]
cℓ
Λ2
∼
hµih
∗
ie
m2∆
cσ
Λ2
∼
(h†h)eµ
M2WR
i = e, µ, τ . (11)
Note that the Yukawa interactions needed for the Ma-
jorana neutrino mass necessarily imply the presence of
LNV and LFV couplings hij and the corresponding LFV
operator coefficients cℓ, leading to R ∼ O(1). Again,
non-observation of LFV in the next generation of exper-
iments would typically push Λ into the multi-TeV range,
thus implying a negligible short distance contribution
to 0νββ. As with RPV-SUSY, this conclusion can be
evaded by assuming a specific flavor structure, namely
yM approximately diagonal or a nearly degenerate heavy
neutrino spectrum.
In both of the foregoing phenomenologically viable
models incorporating LNV and LFV at low scale (∼
TeV), one finds R ≫ 10−2 [11, 14, 16]. We stress
that the basic mechanism at work in these illustrative
cases is likely to be generic: low scale LNV interac-
tions (∆L = ±1 and/or ∆L = ±2), which in general
contribute to 0νββ, also generate sizable contributions
to µ → e conversion, thus enhancing this process over
µ→ eγ. Barring accidental cancellations or explicit fine-
tuning of flavor structures, this enhancement happens
essentially through tree-level generation of four-fermion
operators of the type Oℓq or Oℓ.
It is possible, of course, that any short-distance LNV
sufficiently strong to affect the interpretation of Γ0νββ is
also (approximately) flavor diagonal. In this case, one
would expect both branching ratios Bµ→eγ and Bµ→e
to be below the reach of up-coming LFV searches, and
one would need additional phenomenological handles to
sort out the mechanism for a non-zero signal in 0νββ.
Although seemingly un-natural, such a situation is not
precluded theoretically. Indeed, analogous flavor fine-
tuning in lepton number conserving models – such as
the soft sector of the MSSM – is not unheard of, and
the phenomenological absence of flavor changing neutral
currents presents a challenge to model builders to explain
why a given theory is flavor diagonal when a richer flavor
structure is generically available. Were a similar situation
to arise in the presence of low-scale LNV, the theoretical
challenge would become all the more interesting. In this
context, null results for both LFV searches would provide
important experimental input.
In conclusion, we have argued that the ratio R =
Bµ→e/Bµ→eγ of muon LFV processes will provide impor-
tant insight about the mechanism of neutrinoless double
beta decay and the use of this process to determine the
absolute scale of neutrino mass. Assuming observation of
LFV processes in forthcoming experiments, if R ∼ 10−2
the mechanism of 0νββ is light Majorana neutrino ex-
change; if R ≫ 10−2, there might be TeV scale LNV
dynamics, and no definite conclusion on the mechanism
of 0νββ can be drawn based only on LFV processes.
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